Channel loss seems to be the most severe limitation to the application long distance quantum key distribution in practice. The idea of twin-field quantum key distribution can improve the key rate from the linear scale of channel loss in the traditional decoy-state method to the square root scale of the channel transmittance. However, the technical demanding is rather tough because it requests single photon level interference of two remote independent lasers. Here, we adopt the technology developed in the frequency and time methology field to lock two independent lasers' wavelengths and utilize additional phase reference light to estimate and compensate the fiber fluctuation. Further with a single photon detector with high detection rate, we demonstrate the real optical fibre experimental results of twin field quantum key distribution through the sendingor-not-sending protocol, which is fault tolerant to large misalignment error. We obtain the key rates under 4 different distances, 0km, 50 km, 100km and 150km. Especially, the obtained secure key rate at 150 km is higher than that of the measurement device independent QKD.
Introduction.-Although quantum key distribution(QKD) can in principle offer secure private communication [1] [2] [3] [4] [5] [6] [7] , there are still some technical limitations in practice for long distance quantum communication. The most severe one is perhaps the channel loss given that a quantum signal cannot be amplified. Much efforts have been made towards the longer-distance QKD. Theoretically, the decoy-state method [8] [9] [10] can improve the key rate of coherent-state based QKD from the quadratic scale of channel transmittance to the linear scale, as what behaves of a perfect single-photon source. There, the method can beat the photon-number-splitting attack to the imperfect source and the coherent state is used as if only the single-photon pulses were used for key distillation and hence it can reach a key rate in the linear scale of channel loss, as the perfect single-photon source does.
Motivated to a longer secure distance for practical QKD, a remarkable theoretical progress, the twin-field QKD [11] was proposed to improve the key rate to the scale of square root of channel transmittance. It shows that, the coherent-state source can actually be an advantage to the single-photon source because the post-selection of phase coherence of the twin fields from Alice and Bob can possibly make the secure QKD with the encoding state of single-photon and vacuum, and their linear super-positions. Possibly, This can achieve a key rate of square root scale of channel transmittance, and can by far break the known distance limit of existing protocols in practical QKD [12] [13] [14] [15] [16] [17] [18] [19] [20] . However, considerable jobs still have to be done to really make so. First, it is theoretically challenging on how to making use of both the phase information post selection and the traditional decoy-state method. Second, it is technically demanding to make the long distance single-photon interference precisely. Towards this goal, the sending-or-not-sending (SNS) protocol [21] was proposed. It proposes a small probability of sending for both Alice and Bob, and then use sending and not-sending decisions for the bit value encoding in Z-basis with the effective heralding events announced by Charlie. In X-basis, an effective event needs not only Charlie's announcement of only one detector clicking, but also the phase difference of Alice and Bob's private phase shifts to be in the phase slice set by the protocol. In this way, as shown in [21] one can continue to use the tagged model and the conventional decoy-state method in the protocol. Also, since the protocol uses the almost error-free Z-basis for bit value encoding, it can tolerate a high error rate in X-basis.
Here we report an experimental demonstration of TFQKD through SNS protocol (SNS-TF-QKD) over real optical fibre.
Protocol.-We implement the SNS-TF-QKD protocol [21] by the practical 4-intensity protocol [22] . Each party exploits four different intensities 0, µ 1 , µ 2 and µ z . Alice and Bob randomly choose X-basis and Z-basis with probabilities p X and 1 − p X respectively. In Xbasis, both Alice and Bob prepare and send the decoy pulses. They each take a phase shift θ A , θ B privately to the pulse to be sent out. An event in Z-basis is regarded as an effective event if Charlie announces only one detector clicking. For an effective event in X-basis, we need an extra phase-slice condition to reduce the observed errors in the basis. Without a reasonable phase-slice condition, the observed errors in X-basis can be too much larger than the actual phase-flip error rate in Z-basis. Note that Charlie does not have to be honest and whatever she announces does not undermine the security. But if Charlie wants to make a good key rate, he will have to try to make a faithful announcement on everything. An error in X-basis is defined as Charlie's announcement of a click of right detector (left detector) associated with an effective event in X-basis where the phase difference of the pulse pair from Alice and Bob would provably cause a left (right) clicking at Charlie's measurement set-up. A Z-basis effective event that Alice (Bob) has decided sending and Bob (Alice) has decided not-sending corresponds to a bit value 1 (0). An encoding error in Z-basis is counted for an effective event corresponding to the situation that both of Alice and Bob had decided sending or both of them had decided not-sending. Since the sending or notsending decisions correspond to the secret key, they cannot announce all of them for the Z-basis effective events. They can announce a random subset of them and deduce the error rate in Z-basis. The errors in X-basis are used to estimate e ph 1 , the phase-flip error rate of those single-photon effective events in Z-basis. To know the errors in X-basis, Alice and Bob need to announce the basis information and the intensities of X-basis pulses after Charlie's announcement, and also the phase-shift information to each sent-out pulses in Xbasis. Explicitly, in the X-basis, they randomly choose the vacuum sources and two coherent sources with intensities µ 1 and µ 2 with probabilities p 0 , p 1 , p 2 respectively. In Z-basis, Alice (Bob) randomly prepares and sends the coherent state with intensity µ z with probability p z and sends nothing else. The value of e ph 1 and s 1 , the yield of the single-photon effective events in Z-basis can be calculated by the conventional decoy-state method [21, 22] . Detailed calculation is presented in the supplement.
Experiment.-The experimental layout is shown in Fig. 1(a) . In Alice's (Bob's) lab, an independent continuous wave (CW) laser is used as the light source. The light is modulated to 16 different phases with a phase modulator (PM). Three intensity modulators (IMs)
following the PM are used for encoding. In particular, IM1 modulates the pulse intensity to signal state (µ z ), decoy states (µ 1 , µ 2 ) or vacuum state (0); IM2 modulates the intensity of phase reference pulses and the signal states (See Supplemental Materials for details about the phase reference pulse); IM3 further modulates the signal pulses width to 2 ns. All the modulators block the light when the pulse is a "vacuum" state, or the pulse is a "notsending" state in Z basis. The signal intensities are further attenuated to single photon level with an attenuator before they leave Alice's (Bob's) secure zone.
The modulation in Alice's (Bob's) lab is controlled by an arbitrary-wave generator (AWG) with pre-generated quantum random numbers. We set a 5 µs period in the experiment. In this period, 100 signal pulses are sent in the first 3 µs with 30 ns interval; 4 phase reference pulses are sent in the next 1.2 µs to estimate the relative phase between Alice's and Bob's channel; 0.8 µs vacuum state followed is used as the relaxing time of the SNSPDs. The sampling rate of the AWG is 2 GHz with 14-bit depth, the waveform is then constructed based on the encoding information for each signal and reference pulses.The output signal is amplified to approximately 7 V peak-peak value to drive the modulators. The voltage for different signal states, especially the 16 phases, are characterized before the experiment.
Then, the signals are transmitted from Alice and Bob to Charlie for interference. An interference requires the input signals are identical. Thus, polarization controllers (PCs) and polarization beam splitters (PBSs) are necessary before the polarization maintaining beam splitter (BS). The interference result is detected with superconducting nanowire singlephoton detectors (SNSPDs), and is recorded with a high speed Time Tagger.
The main technique challenge in realizing SNS-TF-QKD is to control the phase evolution of the twin field. As pointed out in [11] , two sources contribute to the phase difference should be compensated: the first one is the frequency difference between Alice's and Bob's sources; the second one is the phase drift in the fiber.
For the phase difference caused by the wavelength difference, we adapt a frequency locking method for compensation. The setup for frequency locking is shown in Fig. 1(b) . In Alice's lab, the seed laser is locked to an ultra-stable cavity using the Pound-Drever-Hall (PDH) technique [23, 24] , to decrease the line-width from a few kilohertz to about ten hertz. The light is then split into two parts, one as Alice's source, the other for locking Bob's optical frequency. The locking light is further split into two parts, one is reflected by a Faraday mirror (FM) as the local reference, the other is frequency modulated with an acoustic-optic modulator (AOM) and sent to Bob. The fiber length is set to the same as the total length for signal transmission, to show the practicability of the system. Charlie records the detection of the signal as well as the phase difference of the path.
To make sure the error rate in X basis is not too high and to maximize the final secure key rate, Charlie discards the detections where the phase estimation is not accurate. The bad estimation can be caused by large noise, or small detection due to the detector shot noise. Note that in the SNS-TF-QKD protocol, Charlie is allowed to announce any detection results without harming the security.
To accumulate enough detections for relative phase estimation, the intensity of the phase reference pulses is set that the total detected counts is approximately 20 in the 1.2 µs interval, which requires more than 40 MHz peak counts. This high peak counting rate with low dark count noise of less than 1000 Hz raises stringent requirement for single photon detectors. Specifically, the low dark count rate should be achieved within a few hundreds of nano-seconds recover time, which makes the problem even harder.
We develop superconducting nanowire single photon detectors (SNSPDs) with twoparallel-nanowire serial-connected configuration [25] , covering an active area of 16 µm in diameter. The recovery time of the SNSPD is mainly limited by its kinetic inductance [26] .
Parallel configuration can effectively reduce the kinetic inductance without scarifying of detection efficiency. Additionally, a 50 ohm shunt resistor was inserted between the dc arm of the bias tee and the ground at room temperature [27] to prevent the detector latching at high count rate.
We test the SNS-TF-QKD with a total fiber distance 0 km, 50 km, 100 km and 150 km curve is the theoretical simulation of SNS-TF-QKD assuming the dark count is 10 −11 with a total of 10 14 pulses. The blue dotted curve is the theoretical simulation of 4-intensity decoy-state MDI-QKD protocol [16] with the same parameters with 2% optical errors in X basis as a comparison.
The solid magenta thick line illustrates the PLOB bound [20] .
parameters). The experiment is tested with a total of 7.2 × 10 11 rounds for each distance.
Instead of actively stabilizing the relative phase between Alice and Bob, we compensate the phase difference in post processing. Assume the relative phase between Alice's and Bob's fiber is estimated as ∆ϕ T , the QBER in X basis is calculated within the detections in the range:
is the random phase Alice(Bob) modulates on the signal and Λ is a preset range. In our experiment, we set Λ = 0.015.
Then they calculate the secure key rate with the following formula (See Supplemental Materials for the detailed protocol procedures):
where R is the final key rate, a 1 = µ z e −µz , s 1 is the yield of the single-photon effective events in Z-basis, e ph 1 is the phase-flip error rate of those single-photon effective events in Z-basis, S Z and E Z are the observed yield and bit-flip error rate of Z-basis. We assume the error correction efficiency f = 1.1.
The experimental result is summarized in Fig. 2 . In experiment, the SNS-TF-QKD achieves 150 km distance with a secure key rate 1.72 × 10 −6 . The result is obtained with 7.2 × 10 11 pulses accumulating in 10 hours. As a comparison, we simulate the secure key rate of the 4-intensity decoy-state MDI-QKD protocol [16] with the same parameters as in the SNS-TF-QKD of the total pulses of 1.72 × 10 −6 , with assuming the optical errors in X basis is 2% as reported in [17] instead of around 10% in this experiment. We observe the secure key rate of the SNS-TF-QKD protocol at 150 km is higher than theoretical result of the 4-intensity decoy-state MDI-QKD protocol. Actually, the theoretical simulation of the SNS-TF-QKD shows its secure key rate already exceeds the MDI-QKD protocol at 108 km.
The theoretical simulation also indicates a longest distribution distance of 190 km can be achieve under the current experimental parameters, and more than 350 km fiber distance can be easily achieved with only decreasing the single photon detector dark count to 10 −11 .
The distribution can be further expand to 620 km if accumulating 10 14 total pulses. In this scenario, the SNS-TF-QKD protocol achieves a higher key rate than the PLOB bound [20] when the fiber distance is longer than 377 km, even with the practical parameters.
The SNS-TF-QKD protocol is robust against the optical error in X basis. Actually, the QBER in X basis is more than 10% in the experiment. This is an important benefit of the protocol because the phase difference between Alice and Bob is always changing and is hard to compensate. The high tolerance allows low accuracy phase compensation, which makes the experiment much easier. On the other hand, the protocol is very sensitive to the system dark count. This is because any noise happened in the "not-sending" period, whose probability is very high, will contribute as an error.
In conclusion, we develop phase locking and phase compensating technology, test the SNS-TF-QKD protocol experimentally, and generate secure keys up to 150 km fiber distances.
Our current experimental setup can be further improved with better phase modulation, phase estimation and with longer accumulation time. The phase locking method used in the experiment is reported to be stable in 1800 km fiber distance [28] , the intensity of the phase reference pulses is within a few micro-watts even at a distribution distance of 1000
km. With these current available technology and the with the theoretical simulation with practical parameters, we expect a distribution distance of more than 500 km will be achieved in the short future.
SUPPLEMENTAL MATERIAL

I. THEORY OF SNS-TF-QKD PROTOCOL
In this experiment, we implement the SNS protocol [21] by the practical 4-intensity protocol [22] . In the 4-intensity decoy-state sending-or-not protocol, Alice and Bob randomly choose the X-basis (decoy pulses) with probability p X and Z-basis (signal pulses) with probability 1 − p X to send or not to send a phase-randomized coherent pulse to an untrusted party, Charlie, who is expected to perform interference measurement. In X-basis, both
Alice and Bob prepare and send the decoy pulses. Explicitly they randomly choose three sources ρ α i with probability p i for i = 0, 1, 2, where ρ α 0 = |0 0| is the vacuum source, ρ α 1 and ρ α 2 are two coherent sources with intensity µ 1 and µ 2 (µ 1 < µ 2 ) respectively. In Z-basis, Alice (Bob) randomly prepares and sends the coherent state ρ αz with probability p z and sends nothing else. The intensity of ρ αz is denoted by µ z . The coherent state whose phase is selected uniformly at random can be regard as a mixture of photon number states, i.e., ρ α j = k a k,j |k k| with a k,j = e −µ j µ k j /k! for j = 0, 1, 2, z. Here we disregard those events with basis mismatching (Alice and Bob committed to different bases) or intensity mismatching (Alice and Bob committed to different intensities when both of them committed to X-basis). Charlie measures the incoming signals and records which detector clicks.
When the quantum communication is over, he publicly announces all the information about the detection event. Charlies announcement of one and only one detector clicking makes an effective event if both of Alice and Bob committed to Z-basis. If both of Alice and Bob committed to X-basis, besides Charlie announcement of one and only one detector clicking, we also need the phase slice condition as shown later. Alice and Bob collect all the data with effective events and discard all the others. Alice and Bob announce the basis information (X-basis or Z-basis) firstly. Then they announce which source has been used and the phase information corresponding to the effective events when Alice or Bob choose X-basis. With these information, Alice and Bob obtain the observable N jk (j, k = 0, 1, 2, z) being the number of instances when Alice and Bob send state ρ α j and ρ α k respectively. Correspondingly, the lowercases n jk are used to denote the number of effective events. The yields can be defined as S jk = n jk /N jk . Define two sets C ∆ + and C ∆ − that contain the instances when both Alice and Bob send ρ 1 in X-basis with the phase information θ A and θ B falling into the slice |θ A − θ B + ∆ϕ T | ≤ D s and |θ A − θ B + ∆ϕ T | ≤ D s + π respectively. Obviously, the security proof in the original SNS-TF-QKD protocol [21, 22] actually allows a general phase slice condition 1 − | cos(θ A − θ B + ∆ϕ T )| < Λ where ∆θ r can be any value. As was noted there [21] , in the case that the channel (Charlie) makes a perfect compensation, the global phase is removed and one can simply use 1 − | cos(θ A − θ B )| < Λ to expect a low observed error rate in X-basis. The number of instances in C ∆ ± are N ∆ ± 11 = ∆ 2π N 11 . Here in this experiment, Charlie does not take active compensation and ∆ϕ T is not zero. The number of effective events corresponding to C ∆ ± are denoted by n ∆ ± 0 11 and n ∆ ± 1 11 for detector 0 and detector 1 respectively.
In the real protocol, the number of total pulses send by Alice and Bob is finite. In order to extract the secure final key, we have to consider the effect of statistical fluctuations caused by the finite-size key. Accordingly, with the observed values S jk (j, k = 0, 1, 2, z) and the corresponding number of pulse pairs, one can lower bound the mean value s Z 1 and upper bound the mean value e ph 1 by
and e ph 1 ≤ e ph
where S k = 1 2 (n 0k + n k0 )/N 0k for k = 1, 2, T ∆ = 1 2 (n 
where δ c 1 = δ(a 1 N c zz s Z 1 , ), δ c 1 = δ(a 1 N c zz s 1 e ph 1 , ) with N c zz = 2p z (1 − p z )N zz and a 1 = µ z e −µz being the probability to emit a single-photon state from source ρ z .
With the lower bound of s 1 and the upper bound of e ph 1 in Eq.(5), the final key rate can be calculated by where R is the final key rate, a 1 = µ z e −µz , s 1 is the yield of the single-photon effective events in Z-basis, e ph 1 is the phase-flip error rate of those single-photon effective events in Z-basis, S Z and E Z are the observed yield and bit-flip error rate of Z-basis, f is the error correction efficiency factor.
II. CONTROLLING THE RELATIVE PHASE BETWEEN ALICE AND BOB
A. The Relative Phase Drift between Alice and Bob
The biggest challenge in SNS-TF-QKD experiment is to control the relative phase between Alice and Bob. As point out in [11] , the differential phase fluctuation between the two users can be written as:
where ν is the optics frequency of the light, L is the length of the fiber, s is the speed of light in the fibre. The first term in the equation stands for the phase fluctuation caused by the phase difference between Alice and Bob; The second term in the equation stands for the phase fluctuation caused by the fiber path changes between Alice and Bob.
In previous reports [11] , the phase drift between fiber spools is determined to 2.4 rad·ms −1 at a total distance of 100 km and 6.0 rad·ms −1 at the distance of 550 km. The result indicate it is possible to compensate the phase fluctuation due to the fiber path. In this section, we focus on the phase fluctuation from the first term in Eq. 6, the light source.
The light source may affect the phase difference for a few reason: The wavelength of Alice's and Bob's laser source may be different and varying. The relative phase of Alice's and Bob's laser source may be different and varying. In another word, the light from two laser source may beat due to the frequency difference. To feedback, we need to read out the relative frequency in a short time before the phase drift too much due to the frequency beating. From Eq. 6, if we set the phase fluctuation to δ ba = 0.01 with L =2 km, which equals to 10 µs time, it is easy to calculate the optical frequency difference should be ∆ν <159
Hz. This result requires the frequency difference between the two laser sources, and between different time of one laser source, should be less than ∆ν <159 Hz.
B. Measurement of the Phase Drift due to the Frequency Difference in the Source
We measure the phase drift with independent laser source and fiber spools in between the source and the measurement to estimate the influence of the phase drift.
First, one laser is used as the source, the laser is split into two path, and combined with a BS for interference. We do not insert fiber spools in this scenario as a comparison. The Next, 75 km fiber spools are insert into each arm of the MZ interferometer. In another word, the longest fiber distance of 150 km between Alice and Bob is tested in this scenario.
The result of the phase drift angle and the phase drift rate are shown in Fig. 4 . The measured phase drift rate follows a Gaussian distribution with a standard deviation of 7.1 rad · ms −1 .
Thirdly, we use phase-locked independent lasers as the source. The light is directly interfered at a BS like in scenario I. The performance of the phase-locked laser is tested in this scenario. The result of the phase drift angle and the phase drift rate are shown in Fig. 5 .
The measured phase drift rate follows a Gaussian distribution with a standard deviation of 5.8 rad · ms −1 . During the test, the standard deviation of the drift rate is less than 7.4 rad · ms −1 for all the scenario, including the phase difference between the independent sources, and the phase drift of 150 km fiber spools. The maximum drift rate is 31 rad · ms −1 , which is around 0.31 rad (or 17 degree) in 10 µs. The error caused by the phase drift is then less than 3% when Alice and Bob send the same phase. We set this 10 µs as a phase reference read out period, with acceptable errors induced by the phase drift in this period.
C. Estimation of the Relative Phase Drift in Alice's and Bob's Fiber
In our experiment, instead of compensate the phase drift in fiber with a strong reference in real-time, we estimate the relative phase between Alice and Bob with the reference light, and correct the relative phase in post-processing. With this post-processing method, we do not need fast electronics for real-time phase correction. We will discuss the details in this and the next sections.
The first step in controlling the relative phase between Alice' and Bob's fiber spool is to monitor and estimate this relative phase. We design the pattens of signal and reference pulses as shown in Fig. 7 . For each 5 µs time period, 100 signal pulses are sent with 33.3
MHz system frequency, i.e., the period of the signal pulses is 30 ns. Alice and Bob modulate the phases and the intensities of the signal pulses with the phase and intensity modulators.
Following the 3 µs signal pulses, 4 reference pulses standing for different phases are sent in 1.2 µs, with 300 ns for each phase. For each 300 ns, Alice modulate the phase to 0, π/2, π and 3π/2 for the different phases, while Bob keep the phase to 0. In each 300 ns, the specific pulse shape may be modulated for both Alice and Bob, to adjust the peak intensity and to adapt to the frequency response of the amplifiers and modulators. The phase reference pulses are used to monitor the relative phase drift between Alice's and Bob's fiber, with the detection result at Charlie. Finally after the strong reference pulses, 800 ns waiting time are set at Both Alice and Bob without sending any pulses. We estimate our detectors will recover to the low dark count regime after this waiting time. Next, the light from Alice and Bob are transmitted through fiber, and interfered at
Charlie. The interference out from the first output port of the beam splitter (BS) is:
where the phase φ stands for the total phase difference between Alice and Bob. Assume the phase modulated by Alice (Bob) is θ A (θ B ), the relative phase difference between Alice and Bob is ∆θ = θ A − θ B . Assume the phase change of the fiber between Alice (Bob) and
Charlie is ϕ A (ϕ B ), the relative phase difference of the fiber link is then ∆ϕ T = ϕ A − ϕ B . Now we have the total relative phase: 8) and the normalized intensity from Charlie's interference against the total relative phase:
For the single photon detections, the normalized intensity at Charlie stands for the probabilities Charlie detects a signal from his detector at the first output port of his BS.
With this result in hand, the purpose of our design is to estimate the phase difference in Alice's and Bob's fiber ∆ϕ T = ϕ A − ϕ B , given the phase reference pulses as input.
In our design, Alice modulates 4 different phase in the phase reference pulses, while Bob does nothing. Thus, there are 4 kinds of phases reference pulse with the modulated phase difference: 0, π/2, π and 3π/2.
For each 5 µs period, we count the detections of each phase difference as N 0 , N π/2 , N π and N 3π/2 . It is possible to accumulate the detections in several period for more accuracy.
In our experiment, the intensities of the phase reference pulses are adjust to around 2 MHz for each detector, and the detections in 10 µs time span (2 periods) are counted. Then we calculate the normalized counts, or the probabilities as:
where i = 1...4 stands for the scenario the phase difference between Alice and Bob are {0, π/2, π, 3π/2}.
In the next step, we build a error model:
where i = 1...4 stands for the 4 phases Alice modulates, p T i (∆ϕ T ) is the theoretical result of the detection probability assume the relative phase between Alice's and Bob's fiber is ∆ϕ T .
These theoretical probabilities are calculated with:
the phase differences are ∆θ i ={0, π/2, π, 3π/2}, for i = 1...4.
The final step is to minimize Err(∆ϕ T ), as this value will be minimized when ∆ϕ T is the same as the practical one. We traversing ∆ϕ T from 0 to 360 degree, with 1 degree as a step.
The phase ∆ϕ T min that minimize Err(∆ϕ T ) is recorded as the estimated phase difference.
In the mean time, we also record the maximal value of Err(∆ϕ T ), and define a parameter:
The parameter rc represent whether the p i distribution is close to the theoretical one.
Since the value rc measures the ratio between the minimum and the maximum, it approaches 0 when the measured distribution is perfect, while approaches 1 when the four phase reference pulses have the same counts. We use this parameter as an indicator of the correctness of the estimation result. In the experiment, we keep only the detections that the rc value of the reference pulses is small. As discussed in main test, this is done only with the phase reference pules in Charlie's measurement station. The security still holds for this operation is uniformly on all detections, whether Alice (Bob) sends Z or X basis. Take the values in Tab. I as an example, "Measured Counts" stands for the detections in 10 µs for the four different phases, "Measured Probabilities" are the normalized probabilities calculated with Eq. 10. Note we assume a 40 ns dead time and the "Measured Counts" are recovered with the detection efficiencies and the dead time. Next we optimize the error with Eq. 11 to obtain the estimated phase difference. In our experiment, we calculate the error with ∆ϕ T varying from 0 to 360, the result is shown in Fig. 8 . From this result, we can read the most possible phase difference is ∆ϕ T = 209 • , the phase estimation success probability rc = 0.01.
The phase estimation success probability rc is different for different time period with different environment and noise. Take the data measured in 100 km as an example, we calculate the distribution of rc for the time period where there are detections, shown in Fig. 9 .
For each fiber distance, we optimize the rc values for the maximum final key rate. Normally, the value rc = 0.01 with around 14% data kept is the best choice for our experiment. The value varies with the channel condition.
D. Compensate the relative phase due to the fiber in post-processing
In the theoretical analysis, it always assume the relative phase due to the fiber (∆ϕ T )
can be stabilized to 0. The assumption can be realized with a strong reference light and with a fast feedback circuit. In our experiment, however, we can estimate the relative phase as in the above sections. In the following, we show the compensation procedure with the relative phase:
In SNS-TF-QKD, we need to set a reasonable phase slice criterion for post selection of X-basis events so as to make a reasonable estimation of error rate in X-basis. Here in our experiment, the channel (Charlie) does not take the active compensation and hence we use the following criterion for the post selection:
with the estimated value of relative phase ∆ϕ T . The original equation requires the phase difference between Alice and Bob is smaller than D s or D s + π. With the revised equation, the phase difference after the fiber |θ A −θ B +∆ϕ T | falls in the range, i.e., |θ A −θ B +∆ϕ T | < D s or |θ A − θ B + ∆ϕ T | < D s + π, with high probability. Thus, the error due to the interference can be small.
In a short conclusion, we use phase reference pulse to estimate the phase difference between Alice's and Bob's fiber. The method requires an intensity of less than 50 total detections in 10 µs time span. Thus, the required intensity of the laser source is not too strong even the communication distance is several hundred kilometers. A relative weak reference pulse also reduces noises, which is a severe problem to long distance communication.
Also, the method does not require a fast feedback circuit, decreasing the difficulty of the system.
III. DETAILED EXPERIMENTAL PARAMETERS
We summarize the parameter we used in our experiment in Tab. II.
The fiber distance between Alice (Bob) and Charlie are the same, "fiber length" in the table is the total fiber length, µ 1 , µ 2 and µ z are the intensities for the decoy states and the signal state. Note that the intensity of the weak decoy state µ 1 is fixed to a mean photon number of 0.05. We do not use the optimized value, which is smaller, mainly due to the performance limitation of the intensity modulators. Stable intensity modulation are required in the decoy state modulation. However, the modulator is sensitive and vary during time if the extinction ratio is too high. Thus, we fix the lowest intensity to ensure the decoy intensities are stable.
µ ref denotes the intensity of the phase reference pulse, in the same pulse width as the signal pulse (2 ns). This intensity only calculates the time the phase reference pulse is not modulated to vacuum, the "reference width" indicate the time interval Alice (Bob) send reference pulse in each 300 ns time span. We did not send the pulses during all the 300 ns time span for a few reasons: with a appropriate ratio, the intensity of the phase reference pulse is not too strong or too weak, thus easier for modulation; the response frequency of the modulators are limited, we need to modulate with appropriate frequencies.
In total, N total signal pulses are sent for different fiber distances. The ratio of sending X (Z) basis is p X (p Z ). In X basis, the ratio of sending the decoy states vacuum, µ 1 and µ 2 are p 0 , p 1 and p 2 . In Z basis, the ratio of "sending" and "not-sending" pulses are p z1 and p z0 . We use the fixed ratio because of limited amplifier and modulator response frequency.
The cutoff frequencies of our amplifiers and modulators are between 10 MHz and 10 GHz.
Thus, the response will become nonlinear if no signal are produced for a long time, which may happen when the ratio of sending Z basis is high. We avoid this scenario by fix the ratio sending X basis. With better electronic components, the optimized parameters can be used in the experiment to further enhance the final key rate.
Finally, based on the above parameters, we calculate the output intensity at Alice's (Bob's) output. We also estimate the detection counts, considering all the optics efficiencies and the detection efficiencies. However, when the detection counts are large, the detector dead time further decrease the detection efficiencies. The peak intensity of the phase reference pulses is around 2 ∼ 5 photons per 100 ns, which is high for the detector. Thus, the actual detection counts are smaller than the theoretical expectation. We need to note that this effect does not affect the detection efficiency of the signal pulses. In this table, we summarize the raw data used for calculation. The total number of signal pulses is denoted as N total , The error rate in Z basis and in X basis are QBER(Z) and QBER(X11)/QBER(X22), where "11" and "22" are the decoy states used. In the next lines, the number of pulses Alice and Bob sent in different decoy states are listed. We label these numbers with "Sent-ABCD", where "A" ("B") is "X" or "Z" standing for the basis Alice (Bob) uses; "C" ("D") is "0", "1", "2" or "3", indicating the intensity Alice (Bob) uses is "vacuum", "µ 1 ", "µ 2 " or "µ For different phase difference range (Ds) and for the accepted phase estimation success probability (rc), the QBERs in X basis and the detection counts are different. In the above Tab. IV and Tab. V, we optimize these value to obtain a maximum final key rate. Take the data in 150 km for example, the QBERs in X basis when Alice and Bob send decoy states µ 1 and µ 2 are listed in Tab. VI and Tab. VII, the detections in Tab. VIII and Tab. IX, respectively. The secure key rates with different parameters are calculated and summarized in Tab. X. Note that in key rate calculation, we search different ranges for the optimized key rate. In this data set, the optimized key rate is obtained with Ds/2=10 • and rc=0.04,
where Ds/2 is half of the phase difference range.
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